JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. Abstract. In Central American deciduous forests, most of the seeds of the caesalpinaceous legume tree Cassia grandis are killed by the larvae of two bruchid beetles, Pygiopachymerus lineola and Zabrotes interstitialis. Pygiopachymerus lineola oviposits on the large pods, the first-instar larvae bore into the seeds, and the emerging adults cut large exit holes in the pod wall. Moth larvae gain access through these holes and eat clean much of the sticky pulp around the seeds. Simultaneously, the adults of Z. interstitialis enter through the P. lineola exit holes and oviposit directly on all clean seeds. In heavily disturbed communities where vertebrate dispersal agents are absent, these host-specific bruchids achieve almost 100% predation on the C. grandis seed crop; however, the more rapidly the dispersal agents remove the seed pods, the less seed predation there will be by Z. interstitialis. Since C. grandis bears mature fruit every other year, the size of each seed crop is large enough to surpass the predation abilities of the bruchids that survive the distance in time and space between seed crops. The system may be viewed as an example of predator satiation. The potential for further coevolution of the bruchid-Cassia interaction is high, but numerous opposing forces in the selective process can be identified.
INTRODUCTION
The following theoretical points were emphasized in discussing the coevolved predator-prey relationships between seed-eating bruchid beetles and their legume hosts (Janzen 1969): (1) the degree of predispersal seed mortality should be directly proportional to the rate at which bruchids locate the seeds (pods) and oviposit on them and inversely proportional to the rate at which the seeds are dispersed; (2) pod and seed morphology should strongly influence the rate of seed mortality; and (3) distance between individual seed crops in time and space should strongly influence the predispersal seed mortality from any particular complex of seed predators and dispersal agents. The present paper discusses predation on the seeds of a caesalpinaceous legume tree, Cassia grandis L., by two bruchids, Pygiopachymerus lineola (Chevrolat) and Zabrotes interstitialis (Chevrolat), and by the larvae of several species of moths in lowland Central American deciduous forest. This predator-prey system exemplifies seed escape by predator satiation and is probably representative of the interactions of many host-specific tropical seed eaters with their prey.
Unfortunately, this system is representative of tropical insect-host interactions in another way. The communities in which the bruchid-Cassia interaction coevolved have largely been destroyed, since most of the geographic range of the tree in Central America is under cultivation. Therefore, I will try to infer some of the environmental challenges that produced the behavior, morphology, and physiology displayed by the predators and prey, even though these challenges may no longer exist in communities disturbed by agriculture. RThc tree sheds brarichlets lacking fruit, so the zero category is missing. This tree is the ouc bearing pod numbers CR-1 t-#l to 15 (see Table 2 ), isOf 400 shed pods picked up under the parent tree, 81.2% had been partly to totally bored through by an unidentified species of moth larva that started at the distal end of the pod while the pod was still hanging on the tree. Of the expanded pods on the tree, only 31.6% of a sample of 85 had been attacked, and of these, the larvae had damaged only the pod tip.
The absence of full-sized green pods on the tree until the sixth or seventh month after flowering is in striking contrast to many adjacent species of trees whose fruits attain full size during the first few weeks after flowering, but then require the next 8-11 months to mature (e.g., Hymenaea courbaril, Guazuma ulmifolia, Sweitenia macrophylla, Crescentia alata, Hippocratea malpighraefolia, Randia spp., etc.). These plants are probably using the pods as the direct recipient of photosynthate. On the other hand, plants such as C. grandis (and Acacia farnesiana, A. collinsii, A cornigera, etc.) appear to store the products needed for fruit maturation, and then abruptly relocate them in the pods. An alternative hypothesis is that C. grandis does not have enough reserves to expand its fruits until the dry season has been passed, the rainy season leaf crop has been produced, and energy deficits have been made up. If in fact delayed fruit expansion is adaptive in respect to the fruit crop rather than forced by lack of photosynthate, it insures that the fruits destroyed by the moth larvae represent a comparatively minor energy loss. It is noteworthy that the tree shed only about 20% of its undamaged young pods to reduce the pod crop to a size that could be matured with the tree's available reproductive energy. Delayed fruit production may, however, lead to additional translocation and storage costs.
In the context of the crown's energy budget for Ecology, Vol. 52, No. 6 pod production, it is interesting that pods fail to mature on branches from which the leaves have been pruned. An experiment done with branches 5, 8, and 10 ( The failure to translocate photosynthates between branches places a constraint on the options open to C. grandis as evolutionary responses to the predation to be described later. Increase in the cost of the seed or pod crop cannot readily be charged against the tree's entire energy budget. Either the photosynthetic ability of the leaves on the sexual branch must increase, or there must be a change in re-allocation of total photosynthate within the tree. These observations also suggest that the total seed-crop size is determined by a competitive interaction between the vegetative and sexual demands on the plant's energy budget.
Mature fruit and seed
Almost none of the immature but fully expanded pods are shed. The expanded pod continues to draw materials from the tree for at least 4-5 months. The mature indehiscent pods (Fig. 1A) hang for 2-5 months until blown down or removed by dispersal agents. The hard flat seeds (Fig. 1B) are encased in a sweet, odiferous, molasses-like, water-soluble material that gradually hardens with age. In natural habitats it attracts dispersal agents such as whitetailed deer (Odocoileus virginianus), which swallow the seeds and pass them intact, and squirrels (Sciurus variegatoides), agoutis (Dasyprocta punctata), and pacas (Cuniculus paca). These three large rodents easily carry off the 120-to 300-g pods. All four animals chew through the hard pod wall with ease. In areas of very low hunting pressure, these animals, and perhaps some others, usually remove or chew up the entire pod crop in 1-3 months. In many contemporary communities cows eat the pods, but then the seeds germinate in open pastures where they hardly ever survive.
The seeds of C. grandis are rather large in comparison with those of most hard-seeded legumes that display predator satiation as an escape from bruchid beetles (cf. Table 1 According to the number and weight of seeds per cubic meter of canopy, C. grandis is more representative of the predator-satiation strategy than if only seed weight is examined, though it is still a borderline case. A fully mature tree with a fully insolated crown (e.g.,. in an open field) bears about 300 pods in one crop (based on numerous. counts from Costa bLate-instar bruchid larvae in seeds were counted as "emerged adults," since once they have reached this stage, mortality is extremely low. Seeds with more than two hatched Zabrotes interstitialis eggs (first-instar larvae) on them were counted as attacked or killed by this beetle, since where time was available, two or more eggs nearly always produced at least one adult (and a dead seed).
Minimum percentages refer to the fact that had the pod remained on the tree, there would have been further mortality (columns 4-7).
" 
INSECT PREDATION ON MATURE Cassia grandis SEEDS
Predation on juvenile C. grandis has at least two major components: (1) predation on the seeds while still on the tree and (2) predation on seeds and seedlings following dispersal (Janzen 1970). Predispersal predation will be dealt with here because it is more readily examined, because most of the seed population dies before dispersal in contemporary communities, and because there is apparently almost no postdispersal seed predation on the large hard seeds.
The general progression of events for a seed pod is the following. A small number of females of the large bruchid Pygiopachymerus lineola oviposit on the nearly mature pod, and the larvae eat a moderate to large number of seeds by the time the seeds are mature (column 4, Table 2 ). The percentage of a tree's seed crop killed by P. lineola should be directly proportional to the ratio of the number of beetles finding the crop to the number of seeds in the crop. After P. lineola adults chew out through the pod wall, and during the time when dispersal agents are removing pods, the larvae of several species of small moths gain access through the bruchid exit holes (or natural cracks in the pod wall). They eat the molasses-like pulp around the seeds (and sometimes seeds; column 7, Table 2 ). Females of the small bruchid Zabrotes interstitialis then enter the exit holes made by P. lineola and the Lepidoptera larvae and oviposit on the cleaned seeds. Given adequate time before the pods are dispersed, these beetles kill all remaining seeds (column 3, Table 2 ). Here, then, the degree of predator satiation achieved by a large seed crop is directly proportional to the rate of pod dispersal.
The bruchids are called "predators" in this system for two reasons. First, I wish to emphasize that a female bruchid searching for a C. grandis pod crop is no different in process from a weasel searching for a nest of baby mice. Secondly, while the female bruchid does not eat the seed, she effectively does so by laying an egg on or near it; the bruchids' capacity to lower the C. grandis population should be directly proportional to the number that find a pod crop and the number of eggs they can lay. Again, in process these numbers are analogous to the number of birds that find a 17-year cicada outbreak and the number of cicadas that the birds can eat before their stomach capacities are reached, during the time that the cicadas are available; we may thus speak of "predator satiation" (Lloyd and Dybas 1966) as the process whereby the tree produces more seeds at one time than all the bruchids that find the tree can destroy. To follow Holling's (1961) terminology, bruchids exhibit a functional response to a pod crop, though some species of bruchids (e.g., Z. interstitialis) also exhibit a numerical response by having several generations within one crop. If we view the system from the viewpoint of the bruchid larva, the bruchid is a "parasitoid" of seeds, in the terminology used in biological control studies.
Predation by Pygiopachymerus lineola on Cassia grandis
Pygiopachymerus lineola, described in 1871 by Chevrolat from Brazilian specimens, has been discussed in the bruchid literature as Pachymerus lineola, Bruchus lineola, Phelomerus aberrans, Phelomerus lineola, Pseudopachymerus lineola, Bruchus aberrant, and Phelomerus aberrans var. distinctus. It has been recorded in collections or in the literature from Brazil, Venezuela, Trinidad, Colombia, Panama, Costa Rica, Nicaragua, Honduras, and El Salvador. Except for the questionable records discussed below, it was always reared from Cassia grandis.2 When the pods of C. grandis are full-sized, are just beginning to turn brown, and contain milk seeds (still soft but only slightly larger than when mature), females of P. lineola appear on the pods after having passed the rainy season as free-living adults. Depending on the individual tree, this occurs from early January to late February in the Canias (Guanacaste Prov., Costa Rica) area, and pods of the appropriate age for oviposition are on the tree throughout this time since the time of pod maturation varies at least 2 months within any given pod crop. The bruchid chews a slight depression in the pod wall and lays a group of 4-15 eggs in it ( Fig. 2A) . They are glued together with a clear and tough material (an "ootheca," following Bondar's (1931) terminology) that is probably produced by the accessory glands along the oviduct. The 148 oothecae on 12 pods from the tree described in Table 1 had an average of 7.9 eggs per ootheca (SD = 7.97, range 2-22). This figure is rep-2 I am deeply indebted to Dr. John Kingsolver of the National Museum of Natural History for working out the taxonomic problems with this beetle and its South American sibling species P. theresae (Kingsolver 1970 The mean fecundity of P. lineola is unknown, but probably does not exceed 100. This clutch size is inferred from egg production in Howe and Currie's (1964) laboratory studies, in which various bruchid species were not fed the types of food they find in nature (pollen and nectar). To make this estimate, the clutch size that they usually recorded was doubled because of the observation that egg production can be about doubled by feeding sugar-water (Larsen and Fisher 1938, Zaazou 1948). Finally, the figure is divided by 3 and multiplied by 2 because P. lineola eggs are about three times the volume of those of the species they studied, but the adults of P. lineola are about twice as large as the species studied.
Newly hatched bruchid larvae pass through the pod wall via a single hole chewed under the. ootheca by the first larva. As long as it is capped by the ootheca, this hole does not admit fungi or other insects. The larvae immigrate both up and down the pod from the entrance hole. An undetermined number bore into each seed, but a maximum of seven can mature there (one to four is usual). If an attacked seed is in an excessively moist environment, as is the case when a pod falls in a puddle, the hole (0.5 mm diameter) in the seed coat will admit water, leading to germination and death of both seed and bruchid. Cursory examination of the first pods to be attacked in a crop indicates that if a seed is entered before the seed coat is stiff, the seed coat collapses and the seed rots, killing the larva within. Emergence of the adult bruchid is so early in the development of the seed that developmental distortion of the seed coat often occurs around the exit hole (Fig. 2B) ; it appears that P. lineola enters the seeds as early in the life of the pod as is possible.
That the first-instar larvae space themselves among the seeds is suggested by two observations. First, in the rare case of only a single ootheca on a major section of the pod, the seeds directly under the ootheca have no higher numbers of larvae per seed (one to two) than do those attacked seeds far from the point of entry. Second, it is commonplace for each of 5-15 consecutive seeds in the pod to produce one or two P. lineola when there is a low density of oothecae (e.g., one ootheca per 3 cm of pod length). When there are many eggs, the larvae are still distributed quite evenly. For example, pod number CR-11-#2 in Table 2 had the following representative distribution of emerging adults among the seeds, recording from the base to the tip of the pod: 1, 2, 2, 2, 2, 1, 2, 2,2, 1,2, 1,-3,2, 1, 1, 2, 0, 2, 2, 3, 3, 3, 4, 3, 3, 3 Competition among larvae within the seed may produce some of the evenness of larval distribution at high larval density but not at low density. Once a larva has entered a seed, it does not leave and enter another seed if it encounters other larva. Within the seed the larvae are approximately equidistant, and when three or more are present, no single piece of cotyledon is large enough for the development of another P. lineola. How this positioning is achieved is not clear, but the larvae may wander as far as 7-12 mm through the seed before eating out a permanent feeding chamber. The ultimate volume of this chamber is about twice that of the larva, indicating that the seed contents are of high nutritive value, and that the larva expends little energy on movement.
Development time is less than 2 months for P. lineola. Most of the beetles emerge during the last half of the dry season (February to April in lowland Costa Rica). More than 90% of the exit holes (Fig. 2C) are chewed through the dorsal or ventral pod ridge, which is the thickest part of the pod wall (Fig. IB) . If column 8 is compared with 10 plus 11 in Table 2 , it becomes obvious that most beetles exit through holes made by the first beetles to emerge from the pod.
Members of this first generation of P. lineola do not oviposit on the infested pods from which they emerge. Probably because almost all pods in the crop are infested, the beetles enter into a behavioral pattern associated with survival until new pods appear at the end of the rainy season, rather than lay eggs on the old pods where most of the larvae would not find intact seeds. This behavior means that the percentage seed mortality attributed to P. lineola in column 4, Table 2, would not change significantly in the short-term absence of dispersal agents and can be regarded as representative of conditions prior to heavy hunting pressure. On rare occasions a pod segment is missed by the initial oviposition of P. lineola; new eggs may be laid on this pod segment at any time during the dry or rainy season. This indicates that some females in reproductive condition are always present. Incidentally, their presence makes it unlikely that a mutant strain of C. grandis that bore fruit at a different time could avoid predation by P. lineola. Eggs laid on these later pods are successful; occasional adults have been taken emerging in June, July, August, and September in Costa Rica, and a few large larvae were found in old pods in the El Salvador and Nicaragua samples (Table 2) in September.
The sequence of pod development and the bruchid's oviposition behavior suggest the potential for the evolution of an escape mechanism by C. grandis. Occasional developmental seed abortions lead to a strong constriction in the mature pod (Fig. 2D) . The constriction contains hard tissue that the larvae of P. lineola and other insects do not penetrate. Moth larvae and Zabrotes bruchids can only enter uncracked pods through P. lineola exit holes. Freedom of a pod segment from P. lineola attack, because it is bounded by two short aborted segments, usually means freedom from all attack. Of the 28 pods examined in detail in this study, two had segments of 10-20 viable seeds each that had been missed by ovipositing P. lineola (Table 2 , El Salv #1 and #2). The other segments of these two pods had been entered and all seeds killed by the combined effects of P. lineola, Zabrotes, and the moth larvae.
The frequency of constricted pods varies widely between trees. The physiological cause of seed abortions is unknown, and it is impossible to know if the intertree variation in frequency could be easily modified by natural selection. Abortions leading to constrictions can be produced artificially by sticking the young green pod with a pin (before pod expansion).
To determine what chance seeds have of escaping by seed abortion, the positions of the 98 oothecae (the eggs of 14 or more females) on 12 pods were recorded in the pod crop preceding the immature one described in Table 1 The above data make it obvious that only extreme subdivisions of the pod through abortions would significantly increase the number of escaping seeds. A further difficulty with evolution in this direction is that the abortions themselves cost seeds at about the rate of 1.44 per linear centimeter of pod. This effect may be partially countered, however, by the energy that might have gone into aborted seeds being channeled into other or larger seeds. It is impossible to know what the increase in predation by P. lineola (column 4, Table 2) would have been had abortions been absent; there would have been a slight increase since the abortions reduce the ability of the firstinstar bruchid larvae to distribute themselves evenly among the seeds.
Treating the pods from CR-1 1 in Table 2 as representative, a single C. grandis seed crop of 200 pods may be viewed as a source of about 9,500 adult P. lineola every other year. If we regard each female as being able to lay 100 eggs and assume that all mature, at least 95 females on the average find a C. grandis pod crop (a slight underestimate since all eggs probably do not mature). Alternately, this means that 90% mortality of adults occurs while waiting approximately 9-10 months for the next pod crop and while moving between trees. To attain a population density of 9,500 adults per tree, the beetles killed 69.27% of the seed crop (taking CR-11, column 4, Table 2 , as representative). These figures are representative of the population of C. grandis and P. lineola from Costa Rica to El Salvador. The mortality appeared to be somewhat lower on isolated trees in gardens. The overall variation in mortality between pods (column 4, Table 2 ) is primarily the result of (1) aborted seeds blocking larval movement (e.g., El Salv #1 and #2, CR-11-#7), (2) exceptionally early entry of Lepidoptera larvae through a break in the pod wall, which in turn left few seeds for P. lineola (e.g., Nicar #5), and (3) failure of P. lineola to find the pods (e.g., CR-12-#1, CR-12-#5, CR-12-#17).
Cassia grandis, by producing this large seed crop every other year, rather than one-half as large each year, is clearly successful in satiating the P. lineola population at the present density of adult trees. Were the density of pod crops to increase in time or space, it seems very likely that the percentage seed mortality owing to this bruchid would rise as well. Were the size of the pod crop to be decreased, and for example, the tree to fruit every year as a consequence, the percentage seed mortality would probably increase. This increase has two components. First, more females will probably survive between crops if they do not have to search for a tree other than the one they emerged from. Second, each year there will be a lower absolute excess of seeds over the number that can be killed by the number of females that find a tree irrespective of its fruiting periodicity.
As with many host-specific tropical seed predators presently under study (e.g., Janzen 1971a, and unpublished data), P. lineola appears to be almost entirely free of host-specific insect predators and parasites. Hymenopterous egg parasites occurred on only the two El Salvadorean pods (Table 2) ; of 36 oothecae, three had parasite exit holes. Cursory examination of several hundred other pods from El Salvador to Costa Rica has yielded no other parasitized oothecae. This parasite was probably not specific to P. lineola since this bruchid's eggs are only common during a 2-month period of the year. Larvae of P. lineola have almost 100% survival in the seeds once they are large enough to leave an obvious feeding chamber. Two hundred dissected adults from the Cafias area had no obvious internal parasites. Large populations of P. lineola are so widely separated in time and space that they probably constitute a very poor host for a potential host-specific parasite. It definitely appears that the density of P. lineola is set by the combined action of (1) general mortality agents operating while the bruchids are searching for seed crops (and are thus limited by proximity of host plants) and (2) by competition for seeds among first instar larvae (at high bruchid densities). It should be emphasized that if P. lineola were the only predator on seeds of C. grandis, considerable numbers of seeds would escape. Furthermore, selection for traits that reduce predation by P. lineola could result in substantial increase in seed survival. However, in contemporary communities that lack dispersal agents, such an increase in seed survival would probably only result in more mortality caused by the moth and by Zabrotes, since they need only one P. lineola exit hole to enter the pod. Of course, if P. lineola were completely removed, mortality due to the moth and Zabrotes would be greatly reduced.
Predation by Pygiopachymerus lineola on other hosts
It is obvious that the presence of an alternate host for P. lineola in natural habitats would influence the system described above. Although P. lineola has been TABLE 3. Distribution of Pygiopachymerus lineola adults emerging from seeds of Cassia grandis in representative pods from Table 2 Number of seeds from which 0-7 beetles emerged Number of Pygiopachymerus lineola has also been recorded from Colombian C. grandis (Kingsolver 1970 ). Since beetle vouchers were not obtained for the Colombian C. grandis recorded in Table 2 , the seed damage may have been done by both beetles. The two sizes of bruchid exit holes in the pod walls substantiate this conclusion. The smaller ones were the same diameter as those made by Central American P. lineola. Nothing about the Pygiopachymerus damage to the Colombian pods indicates a difference between P. lineola and P. theresae acting in concert, and P. lineola acting by itself, except that a substantially larger number of the Colombian seeds had only one bruchid in them as contrasted with all Central American samples.
Predation by Lepidoptera larvae on Cassia grandis
As is commonplace with large fruits of tropical trees, the larvae of a complex of small moths eat the mature pulp around the mature hard seeds of C. grandis. They also eat seeds damaged by bruchids, thereby making it difficult to distinguish between P. lineola and moth damage (as in the Nicaraguan sample in column 7, Table 2 ).
Lepidoptera larvae enter through the exit holes of Pygiopachymerus, breaks in the pod wall caused by squirrels or birds, natural cracks, and holes in the pod caused by other moth larvae feeding on the immature pod. Since bruchid exit holes are the usual means of entrance, moth larvae are usually absent until some bruchids have emerged. In Central Amer-ica seeds are eaten only when larvae enter a green pod, but in the Colombian sample one species of larva was able to eat intact mature seeds, leading to the high mortality recorded in column 7, Table 2 . As many as 30 larvae may mature in one pod, and within 2 months after the exit of Pygiopachymerus, most of the molasses-like pulp has been converted to frass. Each larva feeds within one to four of the pod compartments (Fig. 1B) , moving between compartments by chewing a hole through the thin woody partitions. Pupation occurs within the pod, and the adult moth leaves through a bruchid exit hole or one cut by the moth larva. Development is relatively synchronous within a given pod, and most adult emergence is during the latter half of the rainy season (July through October) from eggs that were laid during the previous dry season.
Since the moths do not appear to oviposit in the pods from which they emerge (almost no pulp remains), they may have a second generation each year in some other species of fruit. If this is not the case, the adult moth has a 4-to 8-month wait until another pod crop is available. If only a small number of moths find a particular pod crop, the first generation of larvae does not consume all the pulp in all the pods on the tree. A second generation then emerges much later from the pod crop, and the moths have only a few months to wait for the next pod crop, though they will still have to migrate to another tree. This shortening of the waiting period between crops may result in a much higher number of adults surviving to the date when new pods are available than when there is only one generation of moths per crop. Thus a mechanism exists for regulation of the moth population density, which is mediated through intraspecific competition for the food supply.
From the tree's standpoint, two aspects of the moth's activity are more important than direct seed predation. First, tame white-tailed deer, squirrels, pacas, and agoutis are still mildly interested in the pods after the moth larvae have eaten out the pulp, but quickly lose interest after breaking them open. Rodents do not carry off moth-infested pods. Deer do not eat seeds that have been cleaned of pulp. Second, Zabrotes interstitialis bruchids will not oviposit on the seeds unless they have been cleaned by the moth larvae (see below). Thus if only a few moths initially find the pod crop, leading to a slow rate of seed cleaning, the rate of predation by Zabrotes is reduced. This decrease should increase the time available to the dispersal agents to remove pods with live seeds.
In old pods the usual community of Nitidulidae and Tenebrionidae beetles feeds on the bits of pulp and seed fragments missed by the moth larvae.
Predation by Zabrotes interstitialis on Cassia grandis
The small black Zabrotes interstitialis and about 25 other species form a genus distributed from the east-central United States to South America; Z. interstitialis has been reared only from Cassia grandis. Collection records in the National Museum of Natural History (Mexico, Costa Rica, Panama, Venezuela, and Brazil) indicate that it is probably spread throughout the range of C. grandis (Kingsolver, personal communication). Its absence from the Colombian collection (column 5, Table 2 ) indicates, however, that C. grandis can be locally free of this predator; more than 50 pods from five crops were examined at the Colombian collection site and none had Z. interstitialis. This beetle has been present, however, in each of at least 30 different pod crops examined from Costa Rica to El Salvador.
Zabrotes interstitialis normally enters the pod through the exit holes of P. lineola, but will also use natural cracks to gain access. Since somewhat less than 10% of the pods in a pod crop are opened by agents other than P. lineola, seed predation by Zabrotes is heavily dependent on P. lineola. Zabrotes interstitialis oviposits only on clean seed surfaces (Fig. 3) and thus is dependent on the moth larvae for preparation of oviposition sites. On rare occasions Zabrotes will oviposit on the inner wall of the cavity that a P. lineola larva leaves in the seed. To oviposit, she moves in either direction from the entrance point. Although she may lay her eggs on seeds that already have eggs on them, one female usually produces the majority of beetles that emerge from one seed. Zabrotes interstitialis does not appear to discriminate between intact seeds and those from which P. lineola have emerged. The eggs are spaced at a distance of 1-3 mm and are most commonly glued singly to the broad side of the seed. The first-instar larva bores through the seed coat, filling the hatched egg with white frass. Hatched eggs are thus easily distinguished from unhatched, and egg viability is almost 100%. At densities of less than 7-10 eggs per seed, the larvae space themselves rather evenly through the intact seed or those parts left by the P. lineola larvae. The maximum number of beetles per seed is about 15, but the average number is three to nine for most seeds that have not been previously attacked by P. lineola (Table 4) . As with P. lineola, the larvae excavate a cavity about twice their own volume. Development takes less than a month (also Utida (1967) records about 23 days for development of Zabrotes subfasciatus), and the adults exit through all sides of the seed (Fig. 3) . They leave the pods immediately, and their activities until the next pod crop appears are unknown. These newly emerged beetles, or beetles newly locating the &The only pod segments considered were those where the seeds were fresh and it appeared that hatched eggs had not been shed or worn off; whenever the number of emerging adults exceeded the number of eggs (rarely), the number of eggs was increased to equal the number of emerging adults.
bThe "number of adults" emerging may be slightly underestimated owing to the multiple use of an exit hole by adults; dissection of seeds indicated that this was very rare. The maximum number of eggs found on a single seed in this study was 37 (nine adults emerged) and the maximum number of adults to emerge from a single seed was 18 (at least 21 eggs). 4, 8, 3, 7, 4, 16, 9,  13, 17, 14,8, 13, 19, 14,8,23,8,  16, 10,8,3,2,  6, 12, 5, 25, 16, 5, 17, 14, 14, 3, 4, 6, 3, 0, 6, 0,   0, 0, 0, 0, and 3 (= 374 in entire pod) . In this census, each seed with unhatched eggs on it has its egg number underlined; those with only unhatched eggs are underlined twice. The eggs of four females may be separated from this in the following manner: 1) A total of 95 eggs on 16 seeds had embryos of the same developmental stage, which were probably placed by the last Z. interstitialis to oviposit in the pod.
2) The 24th through 31st seeds had only first-instar larvae in them. These 54 first-instar larvae were probably from eggs laid by the penultimate bruchid to oviposit in the pod, since the unhatched eggs had only slightly developed embryos in them. Twenty-eight firstinstar larvae were also found in the 17th through 23rd seeds. This indicates that at least 28 of the eggs on the 17th through 23rd seeds were laid by the penultimate female; her total clutch was then at least 82 eggs on seven seeds.
3) The first through the 12th seeds had many pupae, teneral adults, and old larvae in them. These seeds had 112 eggs on them. Of these, four were unhatched and thus belonged to the last female to enter the pod, and at least 22 belonged to the first bruchid, since there were 22 very old Zabrotes exit holes in these seeds. These figures indicate that the second female to enter the pod laid at least 86 eggs on 12 seeds.
4) The ninth through the 19th seeds contained many old Zabrotes exit holes. These seeds had a total of 150 eggs in them, all of which had hatched. If we subtract 12 for the penultimate female (12 firstinstar larvae in these seeds), and 30 for the second female (30 old larvae, pupae, and teneral adults), it appears that the four females (1) laid 108, 86, 82, and 95 eggs; (2) divided the seeds evenly among themselves; (3) probably laid their entire egg supply; and (4) found the pod over a period of about 6 weeks.
Taking 200 pods as a representative crop, and taking the Z. interstitialis emergence in column 9 of Table 2 as representative bruchid survival, each adult C. grandis is a source of 12,000 Zabrotes every other year in communities where few pods are removed by dispersal agents. However, the data in column 9 were collected before the beetles had time to complete development on all available seeds. Based on cursory examination of many pods whose seed reserves were completely exhausted by Zabrotes, the average number of beetles produced per seed is probably about two. In this case, the maximum number of generated Zabrotes per pod crop would be about 20,000. This population size is based on the assumption that dispersal agents are not operating on the crop. If we assume that, on the average, four females find each pod, we must conclude that the population of female Zabrotes fluctuates between 10,000 and 800 within each year in the habitat space occupied by two adult C. grandis (there is a 1:1 sex ratio in large samples of Z. interstitialis). The fluctuation in, and mean of, population density should decline (I ) as the dispersal agent complex becomes more efficient at removing pods at about the time the P. lineola are emerging from them; (2) as the ecological distance between C. grandis trees increases; and (3) as predation by P. lineola and moth larvae increases.
To understand the low survival of Z. interstitialis between seed crops, it is important to realize that this bruchid does not have another host species. I have reared at least 25 species of bruchids from samples taken from most of the legume flora in the habitats around the Costa Rican C. grandis in Table  2 without finding Z. interstitialis. By the middle of the rainy season, C. grandis pods are rare and thus the population has to wait at least 6-7 months before new oviposition sites are available. Occasional Z. interstitialis may be swept from the foliage of C. grandis bearing a green pod crop. This indicates that they may wait on the parent tree itself. Since the length of the wait is proportional to the rate at which Zabrotes destroys the seeds, the bruchid-plant interaction has a potential intrinsic population-regulation mechanism for the beetle. Increased predation by P. lineola and Lepidoptera larvae should likewise lengthen the time that the Zabrotes population goes without food.
Just as the population density of bruchids is influenced by other insects, dispersal agents, and distance between pod crops, so is the large inter-pod variance in seed predation recorded in columns 5 and 6 of Table 2. For example, pod CR-11-#1 in Table 2 had the time for Zabrotes to kill all seeds missed by P. lineola, whereas pod CR-11-#7 had been found by only one female at the time of sampling and probably would have required at least another month for total seed mortality. The pods removed from C. grandis by dispersal agents will be highly variable in the number of viable seeds that they carry. However, the later in the season, the lower will be the probability that any live seeds will be found in the pod. This system is complicated by the fact that pods with intact pulp (and thus with few Zabrotes) are preferred over those eaten out by moth larvae. A final complication is that even if many Zabrotes find the pod crop, they cannot oviposit any more rapidly than the seeds are cleaned by the moth larvae.
A pod is not freed from attack by Zabrotes by falling from the tree. Zabrotes interstitialis continues to oviposit in the pod until it becomes waterlogged or termites destroy it. Dry pods, however, may be freer from damage on the ground than in the tree, since ants often nest or forage in the pods on the ground and kill both moth larvae and bruchids.
The freedom of the Colombian samples from Zabrotes attack may be due to the large moth larva that eats mature seeds as well as the pulp around them. In Central America a large part of the Z. interstitialis population matures in seeds first attacked by P. lineola; in the Colombian samples, nearly all seeds damaged in this manner were eaten by the moth larvae. Further, these moths ate a large number of intact seeds (column 7, Table 2 ). Successful moth attacks on intact seeds may depend on small irregularities in the hard seed coat where the larva's mandible can gain first entry. The entrance holes of Z. interstitialis first-instar larvae could well provide such an entry point.
There is no evidence that parasites regulate the population density of Z. interstitialis, although much of the adult mortality between seed crops is probably caused by vertebrate and invertebrate general predators. Parasites of Z. interstitialis were found only in pod Nicar #2 (Table 2) and are the only ones seen among many other pods cursorily examined. These undetermined Hymenoptera were of little direct significance to the plant, since they allowed the beetle to mature and then emerged from its pupal chamber. Indirectly these parasites could be responsible for a small amount of seed survival since their presence should slightly slow the rate at which the bruchid population locates viable seeds.
Other bruchids as predators of C. grandis
At least 100 species of bruchids, and probably many more, attack the seeds of Leguminosae in the habitats occupied by C. grandis in Central America. With one exception, P. lineola and Z. interstitialis were the only species of bruchids reared from at least 200 pods from at least 30 different seed crops collected from El Salvador to Costa Rica. The exceptions were five Acanthoscelides muricatus (Sharp), an extremely rare Central American bruchid whose host was previously unknown (Kingsolver, personal communication). These beetles emerged on February 4, 1970, from a sample of six C. grandis pods taken off a backyard tree about 2 miles east of Puntarenas, Puntarenas Prov., Costa Rica. The pods had just matured and the P. lineola larvae were still small; either oviposition was well before that of P. lineola, or the A. muricatus larvae develop much faster than those of P. lineola. Since the female A. muricatus laid two to three single eggs on each pod surface, C. grandis may not be the normal host plant. The newly emerging beetles cut exit holes laterally through the pod wall instead of through the dorsal or ventral ridges in the pod as does P. lineola.
As Bridwell (1918) has pointed out, C. grandis has been introduced into Hawaii along with a bruchid fauna of at least eight species. In the field one of these, Caryedon serratus (Olivier), lays its eggs on C. grandis pods, and the larvae find their way into the seeds much as do Pygiopachymerus. Bridwell 
DISCUSSION

Degree of contemporary predation
Owing to lumbering, agricultural, and hunting disturbance in most of Central America, it is no longer possible to document the dynamic interaction between seed predators, dispersal agents, phenology of adult trees, and density of adult Cassia grandis as the interaction existed during its evolution. However, the contemporary interaction system, although incomplete, allows several useful inferences. 1 ) Since Pygiopachymerus lineola predation occurs before the pods of C. grandis mature enough to attract dispersal agents, the mortality in column 4 of Table 2 may be seen as representative of undisturbed C. grandis habitats.
2) In view of the effectiveness of Zabrotes interstitialis at killing seeds remaining in pods on the tree after the emergence of P. lineola, there was probably strong selection favoring C. grandis phenotypes with seed pods especially attractive to climbing vertebrates that removed the pods immediately after maturation.
3) The high percentage of seed mortality recorded in column 3 of Table 2 is probably representative of communities where the dispersal agents are not particularly effective at removing pods rapidly. 4) At present, Z. interstitialis is probably a commoner species in most C. grandis habitats than when the pods were removed rapidly by dispersal agents, but since C. grandis does not appear to be reproducing in woody regeneration of most Central American dry lowland farming communities, the beetle may be driving its host plant toward extinction. The failure of reproduction occurs despite the fact that many remaining adult C. grandis are fully insolated and thus yield very large pod crops.
5) The trait of flowering and fruiting every other year, rather than producing half as many pods annually, was probably very effective at reducing both P. lineola and Z. interstitialis populations (and hence predation by these beetles). In the absence of dispersal agents, fruiting every other year still must result in reduced predation by P. lineola. A reduction in predation by Z. interstitialis is less likely, since the bruchids now have much longer to find the pods than when dispersal agents were present. 6) Since the percentage seed mortality is clearly related to the number of adult bruchids that find the seed crop, it should be positively correlated with (a) decreasing distance between adult C. grandis as measured in units of the percentage of one tree's crop of beetles that find their way to the next seed crop, and (b) decreasing severity of the intervening dry and wet seasons from the bruchids' viewpoint (measured in the same units as the distance between trees mentioned above).
Since the distance between adult C. grandis can influence the degree of seed predation by bruchids, the bruchids can strongly influence the equilibrium density of adult C. grandis in an undisturbed community. For any given climatic regime, the success of a particular adult C. grandis at reproducing itself during its lifetime should be inversely proportional to its distance from other adult C. grandis. Interestingly, if its nonspecific neighbors happen to be synchronized with it in their fruit production, it should have a higher percentage of seed escape than if its neighbors were out of phase and therefore providing food for the seed predators in the "off" years of the tree under observation. Synchronized or not, as the density of C. grandis in any local area increases, the rate of increase of adult C. grandis population should decline. This is a classical predator-prey system, and the period and amplitude of the fluctuations in C. grandis density should be subject to the same rules as those considered for predators and animal prey (cf. Janzen 1970) but with large time lags (Janzen 1971b).
A weather regime favorable to the bruchids may not necessarily be favorable to the establishment and survival of C. grandis seedlings. The actual equilibrium densities along microclimatic gradients will thus be the result of complex interactions between the sensitivity of bruchids and seedlings to weather. We can expect, for example, that dry hillsides will have a very low population density of C. grandis since the beetles probably have high mobility from moister sites (where they may pass the dry season, cf. Janzen and Schoener 1968) to maturing pod crops, and the small number of surviving seeds probably have little chance of surviving their first dry season as seedlings. Wet bottomlands may have about the same seed mortality but much higher seedling survival than on the adjacent dry hills, which may in turn lead to higher density of C. grandis for a given seed mortality. On the other hand, in areas with no moist refuges for the beetles during the dry season, seed survival of C. grandis may be much higher than in slightly wetter sites; with more trials (seeds) at establishment, the C. grandis population may occupy a much greater area than would be possible if the beetle were equally effective at all sites. Likewise, some of the highest C. grandis densities should be expected in those areas of high seedling survival coupled with a very effective complex of dispersal agents and (for example) a rainy period excessively inimical to P. lineola.
The equilibrium density of adult C. grandis should also be sensitive to unpredictable climatic perturbations that influence the beetles more than their hosts. For example, in 1962 the dry season was nearly a month longer than usual throughout the Pacific lowlands of Central America; if this resulted in high bruchid mortality (it is not likely that it killed adult C. grandis), it might have been several years before bruchid populations built up to their previous level of seed predation. This may well have resulted in a "wave" of viable seeds into the C. grandis habitat, with a subsequent small increase in the density of adult C. grandis. As the frequency or intensity of such unpredictable perturbations increases, the C. grandis population will be able to escape from the bruchids to a progressively greater degree. To the degree that these perturbations do not destroy as many C. grandis seedlings as they save seeds from predation, the equilibrium density of C. grandis should increase; the degree of increase should be directly proportional to severity of intra-and interspecific plant competition on the site. Even predictable perturbations function in this manner, provided that they reduce the efficiency of the bruchids in some manner, without comparable inimical effects on C. grandis. In communities inimical to all predators (e.g., when the tree migrates to an ecological island and leaves its predators behind) the equilibrium density should be set purely by intra-and interspecific tree competition.
Potential coevolution of the interaction
There is no reason to believe that the bruchidCassia interaction was coevolutionarily static at the advent of European agriculture, nor is there reason to believe it to be immune to further selection. We may imagine many potential revolutionary ramifications of the interaction, and a few of those that seem reasonable, since they appear to have occurred with other legumes and bruchids, are mentioned below. 1) A mutant strain of C. grandis that produces twice as many seeds, of half the usual size, per pod could have substantially reduced percentage seed predation by P. lineola. The predation would probably not be reduced by one-half, however, since the P. lineola larvae might distribute themselves more widely among the seeds. Such a change in C. grandis would be unlikely to elicit a subsequent change in P. lineola, since the number of beetles emerging per pod would be the same.
However, without a concomitant change in the energy-storage ability of the seeds, or in the habitats to which they are dispersed, the fate of the seedlings of such a mutant is not clear. As seed size is reduced, the number of suitable sites for seedling survival is also reduced, but increased seed numbers should result in a higher percentage of the total suitable sites being hit with a seed. However, the number of suitable sites may be reduced faster than the probability of their all being hit is rising. If the mutant strain of C. grandis has a superior storage compound in its seed, reduction in seed size may well not reduce the number of suitable sites in the habitat for seedling survival. In the other direction, contemporary habitats, heavily insolated owing to partial clearing of vegetation by cattle and cutting, may have many more sites suitable for survival of C. grandis seedlings than do undisturbed habitats. In this case an increase in the number of seeds (each at half size) may be very important in maximizing the number of times that an adult C. grandis attempts to escape the vagaries of human cutting, burning, and grazing patterns.
A mutant strain of C. grandis with an increased number of seeds per pod would show reduced predation by Z. interstitialis only if the bruchid failed to distribute her eggs more widely among the seeds. However, a change in bruchid oviposition behavior is quite likely; the contemporary egg density per seed would result in severe intraspecific competition among the larvae, were the seed volume to be reduced by half.
2) Many legume seeds contain toxic alkaloids and free amino acids which apparently aid in reducing or preventing predation by bruchids (Janzen 1969, 1971b, Bell and Janzen 1970). The seeds of C. grandis contain no outstanding amounts of potentially toxic nitrogenous compounds (Bell, personal communication). A mutant strain that sequestered a free amino acid such as canavanine (cf. Janzen 1971b), rather than the present nitrogen-rich storage cornpounds, might gain total freedom from bruchid at-
